The virion RNA of Moloney murine leukemia virus (MuLV) has been translated in eukaryotic cell-free systems derived from mouse L-and human HeLa cells. In both systems at least three polypeptides, approximately 60,000, 70,000, and 180,000 in apparent molecular weight, were formed in response to the added 35S MuLV RNA. All three polypeptides were precipitable with antiserum to detergent-disrupted MuLV. Fingerprint analysis of tryptic digests indicated that all three contain amino acid sequences in common with each other and with the major methionine-containing structural proteins of the virion.
terization and tryptic fingerprint analysis of these products is presented.
MATERIALS AND METHODS
Chemicals for use in the cell-free system and for the isolation of cell fractions and viral RNA were as described previously (8, (10) (11) (12) (13) . Spermidine (neutralized with HCl) was from Sigma Chemical Co., St.
Louis, Mo.; [35S]methionine (100 to 450 Ci/mmol) was from New England Nuclear Corp., Boston, Mass.; encephalomyocarditis virus (EMC) was from G. D. Searle and Co., Ltd., High Wycombe, Bucks, England; TPCK trypsin was from Worthington Biochemical Corp., Freehold, N.J.; and rabbit anti-goat y globulin was from Microbiological Associates, Bethesda, Md. Goat antiserum to detergent (tweenether)-disrupted Moloney MuLV was obtained from the National Cancer Institute, Bethesda, Md. (NCI ID 1-S-0157).
Cells, virus, and viral RNA. Clone 1 Moloney MuLV was derived and maintained as previously (7) . Clone 2 was obtained from clone 1 by end point dilution of the virus on NIH-3T3 cells with immediate cloning of the cells after infection (M. Paskind, D. Smotkin, and D. Baltimore, unpublished data). For large-scale production of rapid-harvest virus, productively infected cells were grown in roller bottles in Dulbecco modified Eagle medium (DME) with 10% calf serum. Virus was purified from medium collected at 4-h intervals. This was clarified by centifugation at 1,000 x g for 15 min at 4 C, and the virus was pelleted at 27,000 x g for 2.5 h. The virus was resuspended in TNE [50 mM tris(hydroxymethyl)aminomethane (Tris)-hydrochloride (pH 7 .2), 100 mM NaCl, 1 mM ethylenediaminetetraacetic acid] and centrifuged through a 25 to 45% (wt/wt) sucrose gradient in TNE for 17 h at 82,000 x g at 4 C. The banded virus was pooled, diluted threefold with TNE, pelleted by further centrifugation for 30 The growth and purification of EMC virus and the preparation of EMC RNA have already been described (11, 13) .
['5Slmethionine-labeled MuLV. Clone 1 cells were labeled at 37 C in DME with 10% dialyzed calf serum, 0.75 mg of cold methionine per liter, and 10 to 15 ,uCi of [35S]methionine per liter. After 2 h the medium was collected, and the cells were incubated for a further 2 h in DME and 10% calf serum. The two batches of medium were pooled, and the radioactive virus was purified as above.
Preparation of cell extracts and the assay of amino acid incorporation in the cell-free system. The preparation and preincubation of postmitochondrial supernatant fractions from mouse L-cells were as described (8) . The post-mitochondrial supernatant fractions were dialyzed for 6 h at 4 C against three changes of 10 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES) (pH 7.5), 90 (29), respectively.
Analysis of tryptic peptides. Tryptic digestion of 35S-labeled purified MuLV and of the total polypeptide products synthesized in the cell-free system in response to EMC RNA was carried out after precipitation and performic acid oxidation as described previously (4) , except that TPCK trypsin equivalent to a total 20% by weight of the product to be digested was used. Trypsin digestion of individual polypeptides was carried out on individual bands cut from the stained dried gels after exposure for autoradiography (17) . The dried gel slices were swollen in a slight excess by volume of TPCK trypsin (50 ,g/ ml) and 0.2 M NH4HCO3 (pH 8.5) and incubated overnight at 37 C and for a further 4 h with a fresh batch of trypsin. Recovery of radioactivity from the gel slices was greater than or equal to 70%. The peptide digests were lyophilized and resuspended in 10 to 20 ul of 0.3% NH40H, and 0.2-to 1.5-,ul samples were subjected to electrophoresis and chromatography on precoated thin-layer (0.1 mm) cellulose plates (Brinkman Instruments Inc., Westbury, N.Y.) as described previously (4), except that electrophoresis at pH 3.5 was in pyridine-acetic acidwater (1:10:100).
Autoradiography of the dried polyacrylamide gels and thin-layer plates was with Kodak XOmat film RP R54.
RESULTS
Electrophoretic analysis of polypeptide products. To investigate whether MuLV RNA can stimulate the synthesis of characteristic polypeptides, 35S RNAs of clone 1 and clone 2 MuLV derived by heat denaturation of virion RNA were added to cell-free systems from mouse L-cells. After electrophoretic separation of the P15S]methionine-labeled products, three major MuLV RNA-stimulated polypeptides were evident on autoradiography of the dried gels. These had apparent molecular weights of 60,000, 70,000, and 180,000 (60K, 70K, and 180K, arrowed Fig. lA) . Occasionally the 60K and 70K products migrated as poorly resolved doublets. Essentially identical results were obtained irrespective of whether the electrophoretic analysis was carried out in slab gels after denaturation in SDS and mercaptoethanol (Fig. 1A) or in cylindrical gels in the presence or absence of additional 8 M urea (15, 29; data not shown). At the relatively low K+ ion concentration optimum for the translation of MuLV RNA in the L-cell-free system (70 mM compared with 110 mM for EMC RNA), there is a relatively high level of endogenous amino acid incorporation (slot 1, Fig. 1A ) and only a two-to threefold stimulation in response to the added MuLV RNA. Under all of the conditions tested here, however, the L-cell-free system yielded more MuLV-specific polypeptide of higher molecular weight than did the wheat germ (21) , Krebs ascites tumor cell, rabbit reticulocyte (26) , or the partially purified Krebsreticulocyte (1) cell-free systems (data not presented). The HeLa cell-free system yielded the same products as did the L-cell-free system, but in smaller amounts.
The virion RNA of MuLV already has at its 5'-end a 7-methylguanosine residue in 5'-5' triphosphate linkage to the remainder of the RNA (J. Rose, personal communication). In accord with this, the addition of S-adenosylmethionine or of S-adenosylhomocysteine was without significant effect on amino acid incorporation or the spectrum of polypeptides formed in response to MuLV RNA in these systems. Kinetics of formation of the MuLV-specific polypeptides in the L-cell-free system. (Fig. 2) . The 60K product was first evident at 30 min and the 180K at 90 min, as would be expected for newly initiated polypeptides of these sizes in this type of system. The higher-molecular-weight EMC and poliovirus RNA-directed polypeptide products, for example, require comparable times for their synthesis in vitro (Fig. 3 in reference 6 ; I. M. Kerr, unpublished data). Translation in vivo is considerably faster, but complete translation of these latter RNAs takes 12 min even at 37 C in the intact infected cell (3, 20) . Immunological characterization. The precipitability by a MuLV-specific antiserum of the polypeptide products stimulated by MuLV RNA was tested to determine if they were virus-specific. Using a HeLa cell-free system, [35S]methionine-labeled products were made with and without added MuLV RNA. They were exposed to goat antiserum against detergent-disrupted MuLV, and material reacting with the serum was precipitated by rabbit antigoat immunoglobulin and analyzed by electrophoresis on polyacrylamide gels. Whereas a few background polypeptides were carried down by both immune and non-immune sera, all three NO MLV RNA 30' 60 120' 1801 45 90' 180 of the MuLV RNA-stimulated polypeptides were precipitated only by the anti-MuLV serum and not by the corresponding control material (Fig. 3) . Essentially identical results were obtained with L-cell extracts on similar immunological analysis of the products formed in response to the MuLV RNA (data not shown).
Fingerprint analysis of tryptic peptides. For analysis of the tryptic digests of the MuLVspecific products, the 60K, 70K, and 180K,
[P5S]methionine-labeled polypeptide bands were eluted from stained dried polyacrylamide gels by digestion with trypsin (17; Materials and Methods). Autoradiographs of two-dimensional thin-layer fingerprints of these digests were compared with that obtained with a similar digest of the 130K to 140K polypeptide product formed in response to EMC RNA in the Lcell-free system and with those for digests ofthe total virion polypeptides of purified MuLV, the major MuLV group-specific antigen (P30) and the major small [:15S]methionine-labeled polypeptide of MuLV (presumable P15, Fig. 1B ; Fig. 4, 5) .
The products made in response to MuLV RNA were clearly different from those programmed by EMC RNA (Fig. 4) . The fingerprints obtained from the 60K and 70K products, on the other hand, were indistinguishable and bore no obvious relation to the background material evident in digests of extracts to which no RNA had been added (Fig. 4) . All of the tryptic peptides present in the digests of the 60K and 70K products (Fig. 4A, 4B, 5D ) were also evident in the digest of whole virus (Fig. 5A) , many of which could be accounted for by those present in the digests of the P30 and P15 (Fig.  5C and E) . The fingerprint of the 180K product, although closely related to that of whole virus (Fig. 5A) , was surprisingly similar to those for the 60K and 70K products (Fig. 4A, 4B , and 5D). A few additional MuLV RNA-stimulated peptides have been tentatively identified in the basic region of the 180K map, and there could be additional material in the congested band of neutral peptides. The fact remains, however, that for an increase of over 100,000 in apparent molecular weight of the polypeptide from which it was derived, the 180K fingerprint shows remarkably little greater apparent complexity than those for the 60 and 70K products.
The results in Fig. 4 and 5 were obtained using electrophoresis at pH 6.5. Despite poorer overall resolution, the general similarities and differences observed with the different digests were essentially confirmed by a further series of fingerprints employing electrophoresis at pH 3.5 in the first dimension.
DISCUSSION
At least three polypeptides have been demonstrated to be synthesized in response to MuLV 35S RNA added to cell-free systems from both human and mouse cells. That these polypeptides are truly MuLV-specific has been shown by their specific immunoprecipitability and by fingerprint analysis of their tryptic peptides. Whereas it is conceivable that the results obtained with mouse L-cell extracts could reflect an increased translation of endogenous mRNA in response to the added RNA, it is extremely improbable that this could be the case with the human HeLa cell extracts. The results obtained with the latter, therefore, clearly show that it is the added MuLV RNA that is directing the synthesis of the three MuLV-specific polypeptides in the cell-free systems. This, in turn, confirms that the virion RNA is the messenger strand for the RNA tumor viruses (2, 19, 38) .
The near identity of the fingerprints of the 60K, 70K, and particularly the 180K products with that for MuLV is striking (Fig. 4, 5) . All of the major PjS]methionine peptides present in the 60K product are also present in the 70K, and virtually all are present in the 180K. It may be, therefore, that these are overlapping polypeptides extending different distances from the same initiation site on the RNA. The peptide sequences common to all three products (those in the 60K) are those of the major structural virion core polypeptides (Fig. 1B, 5 ). In this sense the 60K product may be analogous to the precursor (Pre6O) to these latter polypeptides found in the infected cell (18, 27; M. Paskind and David Baltimore, unpublished data). Similarly, that at 180K could correspond to the 140,000-to 185,000-molecular-weight precursor reported to be present in intact RLVinfected cells and cell-free systems (18, 19) .
There are several possible explanations for the apparently small increase (if any) in the complexity of the 180K map over those for the 60K and 70K products. Of these the simplest are (i) aggregation; (ii) tandem repetition of the information for the 60K sequences in at least one of the virion RNAs; and (iii) the fact that the sequences additional to the 60K sequence in the 180K polypeptide are relatively poor in methionine. The time of appearance of the 180K product after addition of MuLV RNA to the cell-free system is in accord with its synthesis as a unique polypeptide (Fig. 2) . In addition we have no evidence for aggregation in any of the three types of highly denaturing gel system used for the electrophoretic analysis of the products, and preliminary results suggest that comparable amounts of the 60K, but not of Loads in counts per minute were 12,000, 12,000, 7,000, 14,000, 2,200, and 6,000 for A, B, C, D, E, and F, respectively. Autoradiography was for 21 days in all cases. The material used was that described in the legend to Fig. 4. system in response to EMC RNA. (D) endogenous polypeptide(s) of 60,000 molecular weight synthesized in the absence ofMuLV RNA under the same cell-free system conditions as for A and B. After electrophoresis of the cell-free system products as in Fig. 1 , individual polypeptide bands were elated by digestion with trypsin. Samples were applied to the bottom center (0) as shown of thin-layer cellulose plates. Electrophoresis was at pH 6.5 with the anode to the left. PR indicates the position ofa phenol red marker. Chromatography was towards the top of the sheet. For direct comparison, two samples were electrophoresed in parallel on the same thin-layer plate which was cut in half for subsequent chromatography. Loads in counts per minute were 18,000,18,000, 40,000, and 6,000 for A, B, C, and D, respectively. Autoradiography ofA, B, and D was for 10 days. In this experiment and that shown in Fig. 5 , 300-pd reaction mixtures were used in the cell-free system assays. Total recoveries in the final tryptic digests were for plus MuLV RNA, 60K, 70K, and 180K, 440,000, 270,000, and 96,000 counts/min, respectively. In the absence of added RNA the corresponding figures were 120,000, 80,000, and 40,000 counts/min. 
